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We report the results of a study aimed at inferring direct information on the repulsive three-
nucleon potential V Rijk—driving the stiffness of the nuclear matter equation of state at supranu-
clear densities—from astrophysical observations. Using a Bayesian approach, we exploit the mea-
surements of masses, radii and tidal deformabalities performed by the NICER satellite and the
LIGO/Virgo collaboration, as well as the mass of the heaviest observed pulsar, to constrain the
strength of V Rijk. Our results, largely determined by the bound on the maximum mass, suggest
that existing and future facilities have the potential to provide valuable new insight on microscopic
nuclear dynamics at supranuclear densities.
Introduction.—Over the past decade, the availability
of astrophysical data collected by electromagnetic (EM)
observatories [1–9] and by gravitational-wave (GW) in-
terferometers [10–12], supplemented by the information
obtained from Earth-based laboratory experiments [13–
21], has opened a new era for the investigation of neutron
star (NS) structure and dynamics.
The studies aimed at constraining the equation of state
(EOS) of NS matter have recently benefit from measure-
ments of the tidal deformabilities [22–27]—encoding the
footprint of tidal interactions on the signal emitted by
a binary system—performed within the GW band. Be-
cause the tidal deformability depends on the internal
composition of the stars, any information on its value
is potentially a source of novel insight on the EOS. The
discovery of GW170817 has triggered a large number of
efforts aimed at constraining the NS structure, also ex-
ploiting multimessenger approaches based on joint GW-
EM analyses [28–46]. For extensive reviews on this topic,
see [47, 48] and references therein.
Besides being a valuable source of information on av-
erage properties of dense matter embodyed in the equa-
tion of state, as well as on the possible occurrence of a
transition to exotic high-density phases—in which con-
stituents other than nucleons are the relevant degrees of
freedom—the new data provide an unprecedented oppor-
tunity to constrain the existing models of nuclear dynam-
ics at supranuclear density.
The description of nuclear systems in terms of point-
like protons and neutrons interacting through phe-
nomenological two- and three-body forces—hereafter Nu-
clear Many-Body Theory, or NMBT—has proved re-
markably successful. The results of calculations based on
NMBT account for a variety of observables of nuclei with
A ≤ 12—including the energies of ground and low-lying
excited states and electromagnetic form factors [49]—and
provide accurate estimates of the empirical equilibrium
properties of isospin-symmetric matter [50].
Applications of NMBT in the region of supranuclear
densities unavoidably involve a degree of extrapolation.
Unlike the potentials derived from chiral effective theo-
ries, however, phenomenological models explain nucleon-
nucleon scattering data up to large energies—typically
∼ 600 MeV in the lab frame—and are therefore expected
to describe nuclear interactions in matter at densities as
large as ∼ 4%0, with %0 being the nuclear matter equilib-
rium density [51]. Three-nucleon (NNN) potentials, on
the other hand, are designed to explain only the ground-
state energy of the three-nucleon bound states and nu-
clear matter equilibrium properties. As a consequence,
they are totally unconstrained in the region correspond-
ing to densities %  %0, in which their contribution be-
comes large and even dominant. In this letter, we report
the results of an analysis in which astrophysical data are
exploited, for the first time, to infer direct information
on the NNN potential.
Dynamical model.—The model of nuclear dynamics
employed in our work is based on a Hamiltonian of the
form
H =
∑
i
pi
2m
+
∑
i<j
vij +
∑
i<j<k
Vijk . (1)
Here, vij is the Argonne v18 (A18) nucleon-nucleon (NN)
potential [52], corrected to take into account relativistic
boost corrections needed to describe NN interactions in
the locally inertial frame associated with a star [50, 53].
The NNN potential, Vijk, is assumed to consist of a
two-pion exchange contribution, V 2piijk , and a purely phe-
nomenological repulsive term, V Rijk, which largely deter-
mines the stiffness of the nuclear matter EOS at high den-
sities [54]. In the Urbana IX (UIX) model, the strengths
of V 2piijk and V
R
ijk are fixed in such as way as to repro-
duce the ground-state energy of 3H and the saturation
density of nuclear matter, respectively. The Hamiltonian
comprising the boost-corrected AV18 and the UIX po-
tentials has been employed to obtain the EOS of Akmal,
Pandharipande and Ravenhall (APR) [50], widely used
in calculations of neutron star properties.
In order to explore the possibility to constrain the NNN
potential using astrophysical data, we have generated a
set of EOSs, computed replacing V Rijk → αV Rijk and vary-
ing the the value of the parameter α, which determines
the strength of the repulsive NNN interaction. For any
values of α, the EOS of charge neutral and β-stable mat-
ter consisting of protons, neutrons, electrons and muons
has been obtained using a straightforward generalisation
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2of the fitting procedure discussed in Ref. [50] yielding the
energy-density functional Hα(%, x), with x being the pro-
ton fraction. Note that, while the EOS of Ref. [50] has
been obtained within a variational approach, in our work
the contributions arising from (1 − α)V Rijk are added in
perturbation theory. To maintain consistency with the
APR EOS, corresponding to α = 1, at densities % ≈ %0,
we have limited our analysis to the range 0.7 ≤ α ≤ 2.
Within these bounds the displacement of the equilibrium
Fermi momentum with respect to the empirical value,
kF = 1.33 fm
−1, turns out to remain small, never ex-
ceeding ∼ 8%.
Astrophysical datasets.—The EOSs belonging to the
family considered in our work only depend on the
strength of the NNN force. Therefore, stellar configu-
rations are specified by the values of α and the central
pressure pc, and provide two macroscopic observables:
the mass M(α, pc) and either the radius, R(α, pc), or the
tidal deformability1, Λ(α, pc), to be compared with ob-
servations.
We consider two classes of datasets: (i) the GW obser-
vation of the binary NS event2 GW170817 [12], and (ii)
the spectroscopic observation in the EM bandwidth of
the millisecond pulsars PSR J0030+0451 performed by
the NICER satellite [8]. Figure 1 shows the confidence
intervals in the M -R (A) and Λ1-Λ2 (B) plane for the
two datasets considered, together with the results cor-
responding to stellar configurations having different val-
ues of α. It appears that, compared to NICER results,
the tidal deformabilities inferred from GW170817 tend
to rule out models with α & 1.6, corresponding to the
stiffest EOSs.
To constrain the parameters associated with the
EOS, we sample their probability distribution through a
Bayesian approach based on Monte Carlo Markov Chain
(MCMC) simulations [62]. For a given astrophysical
dataset O comprising n observed stars, the probability
distribution of θ = {α, p(i=1,...n)c }, is given by
P(θ|O) ∝ P0(θ)L(O|D(θ)) , (2)
where P0 is the prior information on θ, and L is the
likelihood function, with D(θ) being the set of NS ob-
servables needed to interpret the data, i.e. the mass, the
radius and/or the tidal deformability. For the GW event
the likelihood function is given by the marginalised joint
1 We refer here to the normalised tidal deformability Λ = λ/M5,
where λ = 2/3k2R5 is the quadrupolar Love number.
2 The LIGO/Virgo collaboration has recently announced the de-
tection of GW190814, an asymmetric binary system featuring a
black hole and a 2.6 M companion [55]. While it is sitll un-
clear whether the latter is a NS or a black hole, this discovery
could have a profound impact on our understanding of stellar
evolution, see, e.g., Refs. [56–61].
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FIG. 1. (A) Mass-radius relations of NS obtained using EOSs
corresponding to the values of α specified on top of each curve.
The shaded bands identify the most massive pulsar observed
so far, PSR J0740+6620 [4], and the mass inferred for the
lighter component of the recently detected GW190814 [55].
The closed contours show to the 68% and 95% confidence in-
tervals derived for the NICER pulsar [8]. The dashed straight
lines correspond to constant compactness C = M/R. (B) NS
models in the Λ1-Λ2 plane for selected values of α, and cor-
responding to the masses measured for GW170817. The 50%
and 90% confidence intervals derived using the GW170817
data [12] are also shown.
density distribution3 inferred by LIGO/Virgo [63]:
L(OGW|D(θ)) = LGW(M1,M2, Λ1, Λ2) . (3)
3 The likelihood function can be directly derived from the GW
posterior since the joint prior on the masses and the tidal de-
3Morerover, given the exquisite precision to which the
chirp massM = (M1M2)3/5/(M1+M2)1/5 of GW170817
has been measured, compared to the individual masses,
and following Ref. [37]—see, in particular, the discus-
sion of Appendix A—we fix it to the median value
M = 1.186 M. The mass M2, as well as the tidal
deformability Λ2, is then uniquely determined by M1,
i.e. by the central density of the primary object, and the
number of parameters to be constrained is reduced. Fi-
nally, we transform the likelihood function to the mass
ratio4 q = M1/M2, and Eq. (2) becomes:
P(α, p(1)c |OGW) ∝ P0(α, p(1)c , p(2)c )LGW(q, Λ1, Λ2) . (4)
Equation (4) shows that the central pressure of the sec-
ond component of the binary system is also needed.
We reconstruct its value by inverting the mass relation
M2 = M2(α, p
(2)
c ), to lie within the prior support.
For the NICER dataset the likelihod is given by
the marginalised joint posterior [64] L(Oem|D(θ)) =
LEM(M,R), such that:
P(α, p(1)c |OEM) ∝ P0(α, p(1)c )LEM(M,R) . (5)
In the multi-messenger scenario, we consider the joint
GW and electromagnetic datasets. Since the two sets of
observations are independent, we have
P(α, p(1)c , p(3)c |OGW, OEM) ∝ P0(α, p(1)c , p(2)c , p(3)c )
×LGW(q, Λ1, Λ2)LEM(M,R) , (6)
where, p
(1)
c and p
(2)
c refer to the two NSs of GW170817,
and the third pressure p
(3)
c corresponds to the pulsar ob-
served by NICER.
The values of α are sampled uniformly within the
range [0.7, 2], while the central pressures of each star are
drawn in the logarithm space between ln10 pc ' 34.58
and ln10 p
max
c (α). The latter represents the maximum
central pressure for a stable configuration of the EOS
family identified by α. Moreover, we ask the speed of
sound cs =
√
dp/d inside each stellar configuration to
be smaller than the speed of light.
Finally, we also include in the prior information the
maximum mass that must be supported by the EOS,
provided by the high-precision radio pulsars timing of
the binary PSR J0740+6620 [4]. Following the proce-
dure described in [9, 37, 38, 65], we do not impose an
hard prior on Mmax. Rather, we describe the highest
mass measurement as a normal distribution N(µ, σ) with
formabilities is flat. The same holds for the NICER dataset,
since the joint prior on the mass and the radius is also flat.
4 Changing L(M1,M2, Λ1, Λ2) → L(M, q, Λ1, Λ2) the prior on the
chirp mass and the mass ratio, P0(q,M), is no longer flat. How-
ever, as discussed in [37], reweighting GW170817 so that the
prior on the mass ratio and the chirp mass is flat has a negligible
effect.
mean µ = 2.14 M and standard deviation σ = 0.09M.
This practically amounts to adding to the MCMC pa-
rameter vector an extra central pressure—which we label
p
(M)
c and corresponds to PSR J0740+6620—and multi-
plying Eqns. (4), (5) and (6) by the likelihood function
LJ0740+6620 = N(µ, σ). For the multimessenger analysis
this corresponds to multiply the posterior (6) by N(µ, σ)
We sample the posterior distribution using the emcee
alghoritm with strectch move [66]. For each set of data,
we run one hundred walkers of 106 samples with a thin-
ning factor of 0.02.
Results and discussion.—We first consider the con-
straints inferred from either the EM or the GW obser-
vation alone. Panels (A) and (B) of Fig. 2 show the
marginalized probability distribution of α inferred for the
two datasets, respectively, with and without taking into
account the maximum mass bound. Interestingly, the
GW data alone do not seem to provide any reliable con-
straint on α, with the marginal posterior being sharply
peaked around the wall at α = 0.7 set by the prior.
On the other hand, inference from the mass-radius mea-
surements of the millisecond pulsar observed by NICER
yields a tighter distribution featuring a peak far from the
reference value α = 1, and leaves non negligible support
for the region outside the prior. The inclusion of the
bound provided by PSR J0740+6620 has a strong effect
on both observations. This is particular relevant in the
case of GW170817, in which P(α) acquires a well defined
shape between α = 0.8 and α = 1.8. We can identify a
90% confidence interval, which gives around the median
αGW = 1.10
+0.35
−0.30. For the EM observation, inclusion of
the maximum mass bound sharpens the posterior and
leads to the value αEM = 1.38
+0.49
−0.40 at 90% probability.
Note that NICER points to larger values of α, which is
consistent with the fact that, compared to GW170817,
the EM measurements seem to favour a stiffer EOS.
The multimessenger scenario, illustrated in panel (C),
suggests that, when no additional data is taken into ac-
count, the joint NICER–GW inference is dominated by
the latter. Including the maximum mass constraint re-
sults again in a major change, and leads to αGW+EM =
1.14+0.33−0.31 at 90% confidence level. Note that all panels
of Fig. 2 show that the requirement that the EoS sup-
port the mass of PSR J0740+6620 makes P (α) to have
essentially zero support for α . 0.8.
Figure 3 shows the range for the the pressure-energy
density relations obtained using the 90% high posterior
density intervals of α resulting from our analysis.
Summary and outlook.—The quantity and quality of
data provided by the new observatories operating in the
GW and EM band have allowed to study the properties
of neutron stars evolving in different astrophysical en-
vironments. These observations have set multiple and
complementary constraints on the NS structure, which
have the potential to shed new light on different aspects
of the microphysics of dense matter.
The work described in this letter is a first step towards
a systematic study of the possibility to directly constrain
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FIG. 2. Posterior probability distribution of the strength of
the repulsive three-body potential, α, inferred using the mass
radius constraints obtained by NICER for the millisecond pul-
sar PSR J0030+0451 (A), the GW observation of the binary
system GW170817 (B), and combining the two datasets (C).
Darker and lighter histograms correspond to results obtained
including and neglecting the bound on the maximum mass
imposed by PSR J0740+6620. Long- and short-dashed verti-
cal lines identify 90% symmetric and highest posterior density
intervals, respectively.
microscopic models of nuclear dynamics using the sam-
ples of observed masses, radii and tidal deformabilities.
We have investigated the constraints that the re-
cent observations of GW170817 and the NICER pul-
sar can impose on the potentialdescribing NNN inter-
actions, which are presently unconstrained at densities
larger than ∼ %0. Using a Bayesian approach, we have
explored both single and multimessenger constraints, in-
cluding also the bounds on the maximum mass given by
the 2.14 M pulsar PSR J0740+6620. For the cases anal-
ysed, the results suggest that constraints on the strength
α of repulsive NNN interactions are still dominated by
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FIG. 3. Range of pressure-energy density relations based on
the 90% confidence interval of α inferred using GW170817
and PSR J0030+0451, and including the maximum mass con-
straint. Horizontal lines identify the 90% high density poste-
rior intervals for the central pressures derived for the heavier
(dashed) and lighter (dotted) NS of GW170817.
the requirement that EOS must support the most mas-
sive NS observed. In this regard, the discovery of NSs
more massive than PSR J0740+6620 would be poten-
tially able to rule out a large part of the parameter space
we sampled, leading to higher values of α, i.e. favor-
ing stiff nuclear matter. The probability distributions
inferred for α are compatible with the value α = 1, cor-
responding to the APR EOS [50], providing the baseline
for our analysis. However, it is interesting to note that
the sampled values of α show large support for α > 1,
which correspond to more repulsive three-nucleon forces
and stiffer EOSs.
Multiple observations with current detectors at design
sensitivities, as well as with future facilities in both the
GW and EM bands, will provide deeper insight on nu-
cleon dynamics, allowing to test the behaviour of differ-
ent models of NNN potentials at supranuclear densities,
as well as to determine limits of the applicability of the
description of NSs based on NMBT.
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